Abstract Dynamic model simulations of the future climate and projections of future lifestyles within the Baltic Sea Drainage Basin (BSDB) were considered in this study to estimate potential trends in future nutrient loads to the Baltic Sea. Total nitrogen and total phosphorus loads were estimated using a simple proxy based only on human population (to account for nutrient sources) and stream discharges (to account for nutrient transport). This population-discharge proxy provided a good estimate for nutrient loads across the seven sub-basins of the BSDB considered. All climate scenarios considered here produced increased nutrient loads to the Baltic Sea over the next 100 years. There was variation between the climate scenarios such that sub-basin and regional differences were seen in future nutrient runoff depending on the climate model and scenario considered. Regardless, the results of this study indicate that changes in lifestyle brought about through shifts in consumption and population potentially overshadow the climate effects on future nutrient runoff for the entire BSDB. Regionally, however, lifestyle changes appear relatively more important in the southern regions of the BSDB while climatic changes appear more important in the northern regions with regards to future increases in nutrient loads. From a whole-ecosystem management perspective of the BSDB, this implies that implementation of improved and targeted management practices can still bring about improved conditions in the Baltic Sea in the face of a warmer and wetter future climate.
INTRODUCTION
The combination of future changes in both climate and lifestyle has a great potential to alter future riverine nutrient loads to the sea (Hägg et al. 2010) . It is therefore important to consider a full spectrum of possible future changes within our modeling scenarios. This is especially true in regions sensitive to eutrophication like the Baltic Sea. The Baltic Sea offers unique challenges from a management perspective in that it faces increasingly high nutrient inputs in southern sub-basins while large climate changes altering the flux of fresh water in northern subbasins. This results in a Baltic Sea ecosystem that is severely stressed (Graham 2004; Conley et al. 2009 ) and perched on the precipice of alternative futures.
Globally, and regionally with respect the Baltic Sea drainage basin (BSDB), myriad models have been used to predict future riverine nutrient fluxes from the landscape under different climate and socioeconomic scenarios. Many of these approaches can be considered coupled, complex hydrological and biogeochemical models with detailed process-based representations of the release and movement of nutrients through the landscape and subsequent transport through the riverine system. While there are various strengths and weaknesses to such detailed modeling approaches, a common shortcoming is the requirement of extensive input datasets and information about the landscapes being studied. With a large set of parameters, comes the potential of large uncertainty in estimates (e.g., Beven 2001 ) that can mislead assessments of spatiotemporal water flow patterns, for instance with regard to vegetation-atmosphere interactions (Lyon et al. 2008) , as well as waterborne nutrient loads and their possible abatement Gren and Destouni 2012) . Hence, the case can be made for considering less complicated, more empirically based approaches requiring few input parameters not only to provide a complementary perspective of current and future nutrient loads but also to create a useful tool for studying a full range of future scenarios that can help in assessing the validity of our more complicated modeling approaches (e.g., Van der Velde 2013) .
Such empirical approaches, while often considered simple, may also find a basis in our theoretical understanding of nutrient and discharge dynamics from natural systems (Basu et al. 2010) . As previously shown in Smith et al. (2003) and Smith et al. (2005) , population density and river discharge can, on a larger scale and to a first order, be seen as robust proxies for the flux of total nitrogen (TN) and total phosphorus (TP) from hydrologic catchments. Thus we have chosen to use this simple regression approach to assess the magnitude and trends associated with potential changes in riverine nutrient fluxes from major Baltic Sea sub-basins under future climate and population change scenarios. The goal of this present study is therefore not to develop detailed process understanding per se; rather, we seek to explore a range of scenarios and the potential uncertainty associated with future predictions. Further, we seek to characterize the relative influence of climate change versus lifestyle changes (brought about through consumption and population shifts) on future nutrient loads to the Baltic Sea. This is useful from a management perspective as it can help in constraining future targets within the bounds of predictability of our models.
METHODOLOGY Modeling Nutrient Loads and Data Considered
Annual riverine nutrient loads from sub-basins within the Baltic Sea drainage basin (BSDB) were modeled in this study using the regression relationships presented in Smith et al. (2005) . Based on that work, annual riverine nutrient loads (L) were represented as a simple function of a region's annual discharge (Q) [m 3 ] and human population (X) [heads] :
Together, these two independent variables provide proxies for both the source (via the population) and the transport (via the discharge) of nutrients from a landscape. In this current study we have calibrated the regression coefficients (k, a, and b in Eq. 1) for the relationships from Smith et al. (2005) to sub-basins of the BSDB to model annual loads of TN [tons] and TP [tons] .
Discharge and nutrient load data were taken from the NEST decision support system (Wulff et al. 2007 ). These data have been derived from the Baltic Environmental Database (http://nest.su.se/bed.htm) based on sampling stations within the BSDB obtained from various environmental agencies. See Mörth et al. (2007) for more details on these data. In this study, we consider the discharge and nutrient load data spanning the period from 1970 to 2006 in the calibration/validation of the parameters in Eq. 1 with 1970-2000 treated as the calibration period and 2000-2006 treated as the validation period. In addition to these datasets, total country population data were obtained from the United Nation (UN) Food and Agriculture Organization Statistic Database (FAOSTAT) (FAOSTAT 2011) . For countries where long-term data on population size were available (i.e., Sweden, Denmark, Germany, Norway, Finland, Poland), the time period 1961-2006 was considered directly in this study (which extends beyond the calibration/validation period but is useful when considering projections of climatic change). For other countries (i.e., those founded in the 1990s) data from 1992/1993 to 2006 have been considered. From this, long-term datasets were estimated using a backwards calculation approximation based on the UN Medium growth scenario for the 1961 time period (UN 2004 . For the Czech Republic and Slovakia, long-term datasets were estimated by splitting the population of Czechoslovakia assuming the same population distribution as after the split of that nation (i.e., 65.6 % in Czech Republic and 34.4 % in Slovakia). The country-wise population data were redistributed among the Baltic Sea sub-basins using the History Database of the Global Environment (HYDE) population distribution for 2005 (Klein Goldewijk et al. 2011 ) assuming that no major migrations within the countries have occurred in the studied time period.
For calibration of Eq. 1, the BSDB was divided into seven sub-basins and the coefficients of Eq. 1 were calibrated accordingly for various groupings of these subbasins independently for both TN (Table 1) and TP  (Table 2) . These groupings were determined by an initial analysis that highlighted different relationships between annual discharge and population against observed nutrient load ( Fig. 1-shown for TN but similar found for TP) and on observed levels of nutrient load (Mörth et al. 2007 ). This is similar in procedure to the methodology outlined in Hägg et al. (2010) . For each grouping of sub-basins, Eq. 1 was calibrated on the period of commonly available data. As such, the coefficients reported in Tables 1 and 2 are the results of calibration using discharge, population, and nutrient load data for the period 1970-2000. These calibrated models of the seven sub-basins were validated using the available data for the period 2001-2006 with model fits evaluated using a simple R 2 statistic and the root mean squared error (RMSE). 
Modeling Future Nutrient Load Scenarios
Once calibrated, the functional relationships between population, discharge, and nutrient loads form simple population-discharge proxies for estimating future TN and TP loads to the Baltic Sea. Such proxies can be used to investigate the future potential ranges and trends in nutrient loads and the potential uncertainty associated with future change scenarios across the seven major sub-basins of the BSDB. In this study, this was done by generating various future hydroclimatic and population scenarios (listed in Table 3 and described in detail in the following sections) that were then used to estimate loads based on the calibrated functional relationship previous outlined. These scenarios allow us to gauge the relative role of climate and lifestyle on future inputs of nutrients to the Baltic Sea and to explore future trends. Trends in the future nutrient load scenarios were analyzed using the Mann-Kendall trend test, which is a non-parametric test based on order of observations. The test was suggested by Mann (1945) and has been extensively used with environmental time series (Hipel and McLeod 2005) .
Hydroclimatic Scenarios
To generate future hydroclimatic scenarios, several climate models and scenarios were used to force the CSIM hydrologic model (Mörth et al. 2007 ). As such, future discharge is modeled using the CSIM hydrologic model and not climate models [which can have significant issues with regards to water budget estimates (e.g., Van der Velde 2013)]. The CSIM hydrologic model is a framework offering an extension of the Generalized Watershed Loading Function model (GWLF), a lumped-parameter model, which describes the hydrology and corresponding fluxes of dissolved constituents from a watershed. Whereas GWLF was initially developed, tested, and described as a model for temperate zone watersheds in North America (Haith and Shoemaker 1987) , CSIM has been developed explicitly to represent the flux of water and nutrients from the BSDB. In the current work, we rely only on CSIM's hydrologic modeling components. As a first step to generate future hydroclimatic scenarios, the CSIM model was calibrated to present day observations. This calibration (and subsequent validation) is similar to that presented in Mörth et al. (2007) with a brief overview of the data considered presented here for completeness. Data on present day temperature and precipitation were taken from the European Observation (E-OBS) database (Haylock et al. 2008 ) for calibration. E-OBS is a European land-only re-analysis based on interpolation between meteorological stations to a regular grid. Daily mean temperatures and precipitation with the resolution 0.44°9 0.44°(ca. 50 km) were considered in this study to correspond to climate projections (see following sections). These gridded data were then used to calibrate (and validate) the CSIM model for the 117 catchments draining the BSDB (Mörth et al. 2007 ). Explicitly, the CSIM hydrologic model was calibrated based on E-OBS forcing data using observed discharge data for the time period 1996-2000.
Validation of the CSIM hydrologic model was carried out for the time period 1990-1994 over which the model could close the water balance to about 8.2 % of annual discharge on average over all catchments (Mörth et al. 2007 ). Further work (e.g., Meidani 2012) demonstrates that the CSIM model's monthly residual error (averaged over all catchments in the BSDB) never deviates more than ±2 % of the total flow per catchment considering simulation over the period 1970-2000. There is a tendency for biased seasonal-scale errors in discharge estimates particularly in northern catchments. The monthly residual errors, however, are more-or-less stable with no strong trends on average lending confidence to future scenarios of discharge modeled using CSIM. In this current study, the daily discharge for each catchment estimated by the CSIM model were summed to an annual basis over each of the seven (Table 3 ) data were downscaled from the ECHAM5 model (Jungclaus et al. 2006; Roeckner et al. 2006 ), the CCSM model (Vertenstein and Kauffman 2004) and the Hadley Centre couple model (HadCM3) (Gordon et al. 2000) . Climate data for the period 1961-2100 were retrieved from the Rossby Centre at the Swedish Meteorological and Hydrological Institute (SMHI) where they were prepared in connection with the ENSEMBLES project (Hewitt and Griggs 2004) . As part of this project, these coupled atmospheric and oceanographic climate models (AOGCM) were forced by different emission scenarios. Three different CO 2 emission scenarios were considered corresponding to relatively low (B1), middle (A1B), and high (A2) emission scenarios (Nakicenovic et al. 2000) . For all three climate models, the middle emission scenario was considered while the relatively low and high scenarios where considered only in the ECHAM5 model (Table 2) . Further, for the middle A1B emission scenario, all three available ensemble runs of the ECHAM5 model were considered to provide some insight to potential influence of natural variability. These ensemble runs were in developed assuming three different initial conditions in the ECHAM5 model setup and, thus, reflect the influence of natural variability within the modeling framework. All resulting climate models and scenarios were then dynamically downscaled with the regional climate model Rossby Centre Atmospheric regional climate model (RCA3) (Kjellström et al. 2005) . The regionally downscaled models were bias corrected for the BSDB based on the E-OBS dataset for the time period . While this method, the so-called delta change approach, assumes a constant correction throughout the simulation period to adjust the annual average precipitation and temperature estimates, it maintains the relative seasonal variations estimated by each of the climate models.
Population and Consumption Scenarios
For the time period 2008-2100 we have considered two scenarios describing future population changes within the BSDB (Table 3 ). In the first population scenario (Pop_S) a steady state was assumed such that there was no population change from 2007 onward. In the second population scenario (Pop_NS) the population size was assumed to follow the nonsteady state UN Medium Population Growth Scenario (UN 2004) . This second scenario allows for a general decreasing population size as the current trends in population dynamics show fertility rates below the 2.1 child per fertile woman needed to provide a steady state (Espenshade et al. 2003) .
In addition, we also considered scenarios where human consumption changed in the future. As such, individuals in the future population consume more than their present-day counterparts and, therefore, count as more than one individual head in the population. In these adjusted per capita (APC) scenarios we have assumed a linearly increasing consumption of animal proteins reaching 75 g per capita per day in the year 2100 following the approach in Hägg et al. (2010) . This end target is equivalent to a medium protein consumption diet of about the same order of magnitude present-day BSDB developed countries [e.g., Sweden 71 g/cap/day (2007), Denmark 72 g/cap/day (2007)]. Under such a trajectory of changing lifestyle, the largest increase in APC is expected in the transitional countries such as Poland, Russia, and the Baltic States. Yearly data on present-day animal protein consumption were obtained from FAOSTAT for the time period 1961-2007. For countries not having data for the whole time period we have made some assumptions on past animal protein consumption. The Czech Republic and Slovakia have both been assigned the present-day daily consumption equivalent to the statistical data for Czechoslovakia. The areas corresponding to the Belarus, Russia, Estonia, Latvia, Lithuania, and Ukraine have all been assigned a present-day consumption equivalent to that of the USSR. These projections are simplifications of lifestyle changes in that they account for population and consumption directly and do not consider the potential of, for example, coupled agricultural land pattern shifts associated with such lifestyle changes explicitly.
To connect these APC consumption scenarios to the population scenarios considered, we have assumed that the average present-day consumption of a person in the year 2000 is one person equivalent (PE). The year 2000 was chosen since Eq. 1 was created using data from around the year 2000 (Smith et al. 2005) . This allows us to scale a person in a country with less animal protein consumption as less than one PE while a person in a country with higher consumption as more than one PE relative to the BSDB average. These present-day PE values per country were then adjusted to future consumption scenarios following the previously outlined linear growth patterns. The future projections of consumption were thus used to adjust the future population scenarios. By using this approach we can create additional scenarios with future population sizes adjusted for potential future protein consumption corresponding to the steady population scenario and the nonsteady population scenario.
By combining the above population growth and consumption scenarios with the climate scenarios and modeling results from the CSIM model, we can produce numerous future projections of nutrient loads from the BSDB using the calibrated population-discharge proxy (Eq. 1). In this current study, we consider three main simulations representative of this range of future scenarios (Table 3 ). The first assesses the 'baseline' nutrient load change by combining the middle ECHAM5 emission scenario with the non-steady population scenario APC (that allows for smaller future populations in the Baltic region). The second is a 'worst' case scenario from an environmental perspective with the high A2 emission scenario combined with steady population scenario APC. The third is a 'best' case scenario from an environmental perspective with a low B1 emission scenario and non-steady population scenario. Further, to account for potential future technology improvements (Voss et al. 2011) , this third scenario includes reductions considered representative of an aggressive strategy to reduce the nutrient loads coming from the BSDB. For this current study, drawing from Voss et al. (2011) , this entails annual reductions of 0.05 % in both TN and TP loads for Bothnian Bay and Bothnian Sea, annual reductions of 0.30 % in TN loads and 0.40 % for TP loads, respectively, for Baltic Proper and annual reductions of 0.10 % in both TN and TP loads for Gulf of Riga, Gulf of Finland, Danish Straights, and Kattegat per year until the year 2100. Conceptually, this 'best' scenario is similar to applying targeted management strategies to achieve greater reductions in the southern regions of the BSDB.
RESULTS

Population-Discharge Proxy Calibration and Validation
The population-discharge proxies for nutrient loads from Smith et al. (2005) (Eq. 1) were successfully calibrated on the available TN load (Table 1 ) and TP load (Table 2) 93 across all sub-basins for validation on TN loads and TP loads, respectively. These validation fits were aided by grouping BSDB sub-basins with similar nutrient-discharge relationships similar to what was done in Hägg et al. (2010) . With respect to TN loads, the regression relationships give a slight over-estimate for all sub-basins with a relatively large overestimate for the Baltic Proper subbasin (Fig. 2) . Regardless, the general agreement between model and observed TN loads was rather good (Table 1) and consistent with an ideal 1:1 slope (Fig. 2) between estimated and observed TN loads.
For TP loads, the performance of the population-discharge proxy was generally weaker than that for TN loads. Again, across all sub-basins, there was a slight over-prediction of TP loads (Fig. 2) . For Baltic Proper and Gulf of Riga, there was also a general lack of agreement between the proxy estimated loads and the observed loads over the validation period (seen by the lack of correspondence to the 1:1 slope). Still, given the simplicity of the proxy presented in Eq. 1, the agreement seen between predicted and observed nutrient loads were adequate to allow the population-discharge proxies to serve as potential first-order representations.
Estimated Changes in Nutrient Loads
All scenarios considered estimated an increase in both TN loads (Table 4 ) and TP loads (Table 5 ) to the Baltic Sea over the period of simulation ending in 2100 except for the 'best' case scenario from an environmental perspective (Scenario 10) which estimated reductions in the TN and TP loads to the Baltic Sea (as expected). Considering the individual sub-basins, the Baltic Proper and Gulf of Riga sub-basins saw small reductions in TN and TP loads across some of the scenarios considered in spite of the estimated increase in total loads to the Baltic Sea. These reductions were brought about by variability in the future climate projections both through natural variability in the ECHAM5 model (e.g., Scenario 3) initial conditions and comparing across the three global climate models considered. The reductions due to variations in climate models were about 2-4 % within these two sub-basins highlighting the potential regional differences to be expected from future projections made using GCMs. In general, there were variations between the nutrient load estimates using the various climate model projections (Scenarios 1-5). On average, however, the models converge with respect to their trends in predicting an increase in total load to the Baltic Sea over the next 100 years.
The potential impact of various future emission scenarios (Scenario 6 and Scenario 7) were smaller across the entire BSDB compared to the natural variability based on initial conditions in the ECHAM5 model (Scenarios 1-3) . The natural variability impact ranged from 5 to 12 % for TN load increase over the entire period of simulation while 10 % increases were seen for both the A2 and B1 emission scenarios (here, Scenario 6 and Scenario 7, respectively). For TP loads, the natural variability due to initial conditions ranged from 7 to 17 % increases while there was between 14 and 15 % increase under the future emission scenarios considered. This, again, highlights the potential regional variations that can be expected across a large Further, we can compare the potential impact of shifts in the consumption habits of the future BSDB populations (i.e., compare Scenario 6 and Scenario 9) to assess the influence of lifestyle alterations on nutrient loads. Clearly, there is a larger impact when consumption (lifestyle) habits change in addition to population changes. For TN loads, this amounts to a 16 % increase in nutrient loads comparing consumption changes to just population changes alone. The difference is 18 % for TP loads to the entire Baltic Sea. As such, characterization of consumption differences expected in future projection scenarios is quite influential on estimated future nutrient loads. In addition, the population scenario adopted (Scenario 8) has an influence on how nutrient loads change in future projections. Again, even though both steady and non-steady population scenarios lead to expected increases in TN and TP loads over the entire BSDB, regional differences appear. Specifically, the Gulf of Riga sub-basin experienced reductions in nutrient loads under Scenario 8 where populations are allowed to reduce following a non-steady model. These reductions were about 9 % for TN loads and 10 % for TP loads from the 1981-2000 period average loads to the 2081-2100 period average loads for the sub-basin, respectively. Taken together, the results of these scenario analyses indicate that lifestyle changes will have a larger potential impact on nutrient loads to the entire Baltic Sea relative to climatic changes (Fig. 3) . This can be seen to vary, however, across the sub-basins when considering the change estimated between the periods 1961-1980 and 2081-2100. Here, we compare the relative increases under the most 'aggressive' emission A2 scenario projection brought about through climatic changes only (i.e., Scenario 6) to those expected solely due to the steady-state population scenario with consumption adjustments (i.e., the difference between Scenario 9 and Scenario 6). Clearly, northern regions (those draining into Bothnian Bay, Bothnian Sea, and the Gulf of Finland) can be highlighted as regions where the potential impact of climatic changes on nutrient loads are higher than changes brought about due to lifestyle shifts (assessed via population and consumption changes). For the more southern regions, however, the increases in TN and TP loads expected over the next 100 years due to shifting lifestyle clearly outweigh those expected due to climatic changes alone. This leads to, on average over the entire BSDB, a situation where the increases in nutrient loads due to lifestyles changes are expected to be greater than those brought about through shifts in the climate alone.
Trend Analysis of Future Nutrient Loads
The majority of scenarios considered in this study had significant trends for future TN and TP loads (Table 6) when looking across the entire period of simulation. Considering the TN and TP load trends, the northern most subbasins (e.g., Bothnian Bay and Bothnian Sea) exhibited significant (p\0.01) increasing trends across all scenarios considered. Looking across all the other sub-basins, the environmental 'best' case scenario (Scenario 10) showed significant decreasing trends in TN loads for the Gulf of Finland, Baltic Proper and Gulf of Riga. In the southwestern most sub-basins (e.g., Kattegat and Danish Straights), the negative trends seen in Scenario 10 were not significant under the Mann-Kendall test considered in this study. With regards to the TP load trends under Scenario 10, significant decreasing trends were exhibited for the Gulf of Riga, Danish Straights, and Kattegat. Clearly, there is an impact of moving from northern, low population density to southern high population density regions on the projected trends generated under this scenario. Again, similar to the previous comparisons, there were differences in significance of the future estimated nutrient load trends driven by the selection of climate model (Table 6 ). This was most clear in the Gulf of Riga, Baltic Proper, and Danish Straights sub-basins.
Considering the 'worst' and 'best' case scenarios from an environmental perspective (e.g., Scenario 9 and Scenario 10, respectively), we can see that, based on the simple population-discharge proxy either with population adjusted to account for consumption increase or with loads reduced due to potential future advances (i.e., reductions on the order of those estimated by Voss et al. 2011) , it is possible to obtain both large increases and decreases in future TN loads (Fig. 4) and TP loads (Fig. 5) across the sub-basins of the BSDB. These scenarios provide relevant upper and lower bounds to future projections such as those considered in this current study (for example, the 'baseline' scenario represented in Scenario 8). Further, these upper and lower bounds can be considered useful to help constrain future analysis as better data or process representations come available with regards to population and consumption patterns and future trends.
DISCUSSION AND CONCLUDING REMARKS
Population and consumption adjustment per capita in combination with dynamic modeling of future climates (Table 3) provide a solid base for estimation of future nutrient loads to the Baltic Sea. This was achieved in this study by using a simple population-discharge proxy for nutrient loads such that consumption can be related directly to nutrient loads via adjustment of future population projections. Clearly, the results of the study highlight that the majority of future projections point to increased TN and TP loads coming into the Baltic Sea in the next 100 years (Table 6 ). This is in line with previous climate simulation based work (e.g., Graham and Bergström 2001; Reckermann et al. 2011) .
A potential strength of the approach considered in this current study is the simplicity with which population and hydrology (Eq. 1) together can account for future variations in lifestyle. This makes it possible to isolate impacts of lifestyle and climate and highlights how lifestyle changes potentially play a larger role in the increased nutrient loads relative to climatic changes (Fig. 3) . This approach is advantageous as it leverages widely available and consistent datasets (like that available from the UN Medium Population Growth Scenario) to create estimates of future lifestyle and climate impacts that can be tailored to provide upper and lower limits to potential future nutrient loading. This is a valuable range as it provides a robust tool by which future scenarios drawing from more complex approaches (e.g., LPJ Guess from Smith et al. (2001) ) can be benchmarked. This potentially allows for us to better constrain and assess predictions made by combinations of more complicated population models, dynamic lifestyle projections (e.g., specifically accounting imported/exported food) and nutrient source allocation/transport models (e.g., specifically accounting for agricultural changes in nutrient production and utilization) in a whole-systems approach.
Further, by coupling the simple population-discharge proxy for load estimate to complete dynamic GCM simulations, we can explore the potential influence of regional differences in climate projections across the BSDB. In the northern sub-basins, for example, there is strong influence of the climatic projection on future loading of TN and TP to the Baltic Sea (Fig. 3) . This is seen by the larger range and magnitudes in future projections in northern sub-basins (e.g., Bothnian Bay and Bothnian Sea) across various climate projections relative to those seen in the more southern regions (Tables 4, 5 ). As such, these cold regions are potentially more sensitive to future changes in climate. This is consistent with local (Lyon et al. 2010 ) to regionalscale simulations (Teutschbein and Seibert 2010) . In addition, GCMs tend to diverge in these regions in their ability to project similar changes in future climates. The Arctic and Sub-Arctic are long-standing trouble spot for future projections (e.g., Boé et al. 2009 ). As future models improve performance in these regions, one would expect future projections of nutrient loads to correspond and uncertainty to be reduced. These sensitivities to climatic shifts in the northern regions are countered in the southern regions of the BSDB by increased relative importance of lifestyle on future nutrient load projections (Fig. 3) . Independent of the climate projections, there appears to be some regional variations in the performance of the population-discharge proxy for nutrient loads. The population-discharge proxies appear to perform less reliably in southern regions (mainly Baltic Proper and Gulf of Riga) than in northern regions (Fig. 2) . Several potential explanations can be put forward. This limited ability in southern regions may be, for example, due to the large number of concentrated people and/or the waste water treatment facilities in these areas. As such, waste processing (or lack thereof) potentially influences the robustness of the simple population-discharge load proxy. In these BSDB systems, however, the contribution of point sources (like waste water treatment facilities) to total loads are rather small and often contribute less than 25 % of the annual average loads of TN and TP (Mörth et al. 2007 ). This limited ability in southern regions could also be indicative of a decoupling of agricultural intensification from regional consumption leading to, for example, a weakening of the ability of population to serve as a nutrient load proxy. So, clearly, there are potential issues (as is expected with such a simple proxy in an empirical setting) when extrapolating beyond the calibration period and limitations to the assumed connections (e.g., Smith et al. 2005 ) between consumption and nutrient loads.
The model calibration procedure considered also has potential influence on performance. In this current study, for example, calibration was applied to data covering the time period 1970 through 2000. As such, temporal variations in the number waste water treatment facilities and their efficiency were not explicitly considered. This could have impact in rapidly developing regions such as the Baltic States, Russia, and Poland that leads to poor model representation of nutrient loads. Further, in-stream retention of nutrients may influence the loads experienced at the river outlets such that the rather large and often humancontrolled flows in the southern sub-basins respond differently to their northern BSDB counterparts. This would be consistent with the results from Arheimer et al. (2012) where in-stream retention changes were expected in relation to future climatic changes. In addition, more recent regional reductions seen in nutrient exports [e.g., total landbased N load to Danish coastal waters has been reduced by ca. 50 % since 1990 (Kronvang et al. 2008 )] may not be adequately reflected by adopting a calibration window from 1970 to 2000 (these impacts, however, are quantified under the validation period in Tables 1, 2) .
These limitations present a potential shortcoming of the approach considered here that could be addressed in the future projections to some extent by the inclusion of population growth dynamics (Smith et al. 2001) , agricultural changes, higher order relationships to characterize consumption-nutrient relations, or more process-based modeling approaches. We characterize nutrient losses as a function of human population levels following the approach outline in Smith et al. (2005) . This approach provides a good first-order assessment, however, fails to account for more dynamic changes that can potentially occur (and influence) on more regional scales such as those relevant for (at least part of) the BSDB. For example, agricultural development has occurred across large parts of the region with impacts on the water cycle (e.g., Jaramillo et al. 2013) . Such influences are captured here by the use of a hydrologic model to estimate stream discharge, but the secondary impact on nutrient loading is not directly accounted for in the approach considered. Further, while population and hydrologic changes can be addressed in future scenarios, future agricultural develop and changing production patterns due to, for example, economic and climatic forces are not explicitly considered. Agricultural land area remains rather stable (and contracts in some regions) in recent years over much of Europe while productivity has still increased due to new agricultural methods and technological improvements (Rabbinge and van Diepen 2000) . More detailed work considering both relative role of the pattern of activities in the landscape and the pattern of water discharge (e.g., Hong et al. 2012; Meidani 2012 ) is clearly necessary to complement this approaches considered here.
The estimations presented here, however, have a clear utility from a management perspective as they can help in constraining future targets within the bounds of predictability of our more advanced and dynamic models. There is promise that this simple proxy captures first-order controls on potential impacts of future climate change and changes in protein consumption (albeit given assumptions about agricultural production, nutrient balances, and human consumption patterns) across much of the BSDB (Tables 4,  5 ). This result is promising as data limitations and the lack of consistent databases make it difficult to develop a completely process-based model capable of incorporating future population dynamics and consumption scenario testing at the scale of the BSDB. Further, considering nutrient fluxes from catchments, the inconsistencies on national load and source-oriented approaches to estimating nutrient loads to the Baltic Sea may lead to serious misinterpretations and development of inadequate management strategies (Mörth et al. 2007 ). To allow for comparison and application across such large geographical and geopolitical regions like the BSDB, models and prediction frameworks need to draw upon consistent data (Hannerz and Destouni 2006) . Consistency between data and modeling frameworks is, thus, a necessity. Once hydrologic models and/or management tools are established based on spatially and temporally consistent data environments, they can help develop more feasible representations of future scenarios and can allow for evaluation of model performance over a range of conditions and regions. This allows for explicit testing of modeling assumptions and identification of times and places where further process information may need to be considered (i.e., key areas for improvement). The robust population-discharge proxy presented here provides a relevant benchmark for evaluation of such modeling development from which nutrient transport and landscape management can be addressed (Wulff et al. 2007) .
Consider, for example, that the maximum allowable N and P inputs to Baltic Sea annually are on the order of about 21 000 tons P and 600 000 tons N according to the Baltic Sea Action Plan (HELCOM 2007) . The required reductions from present loads to achieve these goals are about 15 000 tons P and 135 000 tons N, respectively. While this considers the entire Baltic Sea, reductions of the loads to the individual basins are equally important. This is because the basins within the Baltic Sea are interlinked and, thus, influence each other. In view of the scenarios investigated in this current study, it seems that only Scenario 10 could give reductions of the N and P loads on the scale required to achieve current goals set forth in Baltic Sea Action Plan. The required reductions, however, still may not explicitly be achieved considering P loads to all basins individually but seem more possible for N loads to almost all individual basins. In general, this analysis indicates that a substantial reduction of livestock (e.g., Wulff et al. 2007 ) appears to be needed to fulfill the BSAP. At the same time, increases in number and efficiency of waste water treatment facilities would also likely have an effect (mainly on P) consistent with measure outline in Voss et al. (2011) . The feasibility with regards to social-economic policy and governance behind the Scenario 10 is difficult to evaluate at this time but remains the focus of upcoming work.
Clearly, it is important to consider uncertainty in our modeling (regardless of the approach adopted) and its potential impact across large scales. As there was considerable variation in the climate scenarios considered in this study, future runoff and nutrient loads vary largely depending on climate scenario. There is a need to better assess and account for spatial variability of this uncertainty across the BSDB to properly consider the role it will play in the projection of future loads across the various subbasins. Notwithstanding such uncertainty, the results of this current study indicate that changes in lifestyle have the potential to overshadow climate effects on future nutrient loads to the Baltic Sea (Fig. 3 ). This relative difference is not, however, uniformly distributed across the entire BSDB. It is mainly the southern regions where lifestyle changes are predicted to outpace climatic changes with regards to increasing nutrient loads to the Baltic Sea. It is in these regions where we have a strong potential for identifying 'hotspots' of management for reducing nutrient loads. This is consistent with the environmental 'best' scenario presented in this study where higher reduction in nutrient loads are implemented in the modeling through significantly higher and targeted load reductions in, for example, the Baltic Proper sub-basin (Tables 4, 5 ). This leads to a potentially improved condition over entire BSDB (Figs. 4, 5) . Such approaches to target management have been successful in other regions where excess nutrients are a concern (e.g., Walter et al. 2000; Lyon et al. 2006 ). This holds promise for the future of the coupled BSDB system from a whole-ecosystem management perspective where implementation of improved and targeted practices (e.g., Voss et al. 2011) can still potentially bring about improved conditions in the Baltic Sea in the face of a warmer and wetter future climate.
